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Abstract 
In this work, we report a simple strategy to improve the performance of high 
temperature polymer electrolyte membrane fuel cell (HT-PEMFC) by eliminating the 
micro-porous layer (MPL) from its gas diffusion electrodes (GDEs). Due to the 
absence of liquid water and the general use of high amount of catalyst, the MPL in a 
HT-PEMFC system works limitedly. Contrarily, the elimination of the MPL leads to 
an interlaced micropore/macropore composited structure in the catalyst layer (CL), 
which favors gas transport and catalyst utilization, resulting in a greatly improved 
single cell performance. At the normal working voltage (0.6 V), the current density of 
the GDE eliminated MPL reaches 0.29 A cm−2, and a maximum power density of 0.54 
W cm−2 at 0.36 V is obtained, which are comparable to the best results yet reported 
for the HT-PEMFCs with similar Pt loading and operated using air. Furthermore, the 
MPL-free GDE maintains an excellent durability during a preliminary 1,400 hour 
HT-PEMFC operation, owing to its structure advantages, indicating the feasibility of 
this electrode for practical applications.  
 
Keywords: High temperature polymer electrolyte membrane fuel cell; Membrane 
electrode assembly; Gas diffusion electrode; Micro-porous layer; Catalyst layer 
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1. Introduction 
Operating polymer electrolyte membrane fuel cells (PEMFCs) at high temperature 
(120 oC-200 oC) can avoid some intrinsic challenges they faced at low temperature, 
such as complex humidification and heat management, low resistance to CO catalyst 
poisoning and potentially high technology costs [1]. For two decades, 
polybenzimidazole membranes (PBI, or its derivatives) doped with phosphoric acid 
(PA), which can serve as proton exchange membranes for PEMFCs, have always been 
considered as the best candidates for high temperature operation [2]. This type of 
HT-PEMFCs can normally operate between 150 oC -200 oC, offering merits like high 
CO tolerance, simplified water/thermal management, which are seen as critical 
advantages in vehicle applications [3-6]. However, the performances of these 
HT-PEMFCs, even with high catalyst loadings, are still inferior to the conventional 
LT-PEMFCs based on Nafion membranes. For one of the reasons it lies in the 
presence of PA, which impedes the transport of reactant gases from the support layers 
to the catalyst active sites, resulting in high mass transfer resistance, consequently 
slow electrodes reaction processes [7,8]. To enhance the performance, one of the 
promising solutions is modifying the structure of the electrodes to enable them 
dealing with the electrochemical processes more efficiently [9,10].  
 
At present, almost all electrodes for HT-PEMFCs were prepared as gas diffusion 
electrode (GDE) form, i.e., the supporting layer for the catalyst layer depositing is the 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
 4 
gas diffusion layer (GDL) instead of the membrane. Therefore, for HT-PEMFC the 
preparation of GDE is very important as it is the only place where electrochemical 
reactions occur, for which a decent inner structure should be established for smoothly 
transporting the reactant gases/produced water to/from the CL [11,12]. Normally, the 
GDE was structured with three layers, as illustrated in Fig. 1(a), i.e., CL, 
micro-porous layer (MPL) and gas diffusion backing layer (GDBL), in which MPL 
and GDBL are often joined together under the term GDL. The MPL is normally a 
layer of carbon powder bonded by certain amount of hydrophobic agent like 
polytetrafluoroethylene (PTFE). For a LT-PEMFC system, the role of MPL is very 
important due to its strong relevance to the water management. In LT-PEMFC systems, 
the pores in the CLs tends to be blocked due to the presence of liquid water, which are 
known as water flooding and it significantly affects the cell performance due to the 
high mass transfer resistance resulting from it. It is believed that the excess liquid 
water in the fuel cell system can be effectively removed by the MPL duo to the 
capillary effect resulting from its abundant micro pores. Therefore, the optimization of 
the MPL for LT-PEMFC systems has always attracted great attentions in both 
theoretical modeling and experimental studies [13-29]. 
 
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
 5 
 
Fig. 1. Conceptual diagrams of the conventional GDE with MPL (a) and the GDE 
eliminated MPL (b). 
 
However, only few works on MPL study [30,31] were found in HT-PEMFC field 
because the role of MPL in a HT-PEMFC system is limited because there exist no 
liquid water. HT-PEMFCs are generally operated at 120-200 oC where water exist as 
vapour, which makes the water removal much easier than that in LT-PEMFCs. Based 
on this reason, we speculate that HT-PEMFC GDEs can be structured with 
elimination of MPL, as illustrated in Fig. 1(b). Several advantages are expected from 
this structure: (i) enhanced gas permeability. Compared with the GDBL, whose mean 
pore size is in the range of 10-100 Pm, the MPL features a finer pore structure with 
the pore size only several microns. The increase of micro-porosity can impede the gas 
flow, therefore the presence of MPL could decrease the gas permeability [31], (ii) 
decreased ohmic resistance. Though the presence of MPL can improve the interfacial 
contact between the supporting layer and the CL due to its flat and even surface, the 
inferior contact between the MPL and the uneven GDBL and the resistance of the 
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MPL itself should not be neglected. Therefore, for a MPL-free GDE in which the CL 
may also get inferior contact with GDBL, the resistance of the MPL itself at least does 
not exist, (iii) reduced cost and manpower. The deposition of MPL is time-consuming 
and laborious, several procedures are required including ink preparation, spraying and 
sintering, etc. The elimination of MPL, consequently, is economical and efficient. 
 
Despite these advantages from eliminating MPL, the lack of MPL could increase the 
penetration of catalyst particles into the GDBL, resulting in reduced catalyst 
utilization. However, it is believed that GDBL with high content of polymerized 
PTFE (normally 20 wt.% − 30 wt.%) can effectively reduce the penetration of 
carbon/catalyst particles due to the polymer networks formed by sintering [32,33]. On 
the other hand, the Pt loadings used in PBI-based HT-PEMFC electrodes are generally 
as high as 0.7 mg cm−2 [34], which is much more than that in LT-PEMFCs, due to the 
high ORR Tafel slope in PA along with the anion adsorption of H3PO4 on Pt [35,36]. 
Therefore, it is speculated that the limited penetration of catalyst particles should has 
no serious effect on the catalyst utilization. For the first time in this work, we 
demonstrated the use of the GDEs eliminated MPL for HT-PEMFC showing high 
performance. 
 
2. Experimental 
 
2.1. Preparation of GDEs 
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 7 
The GDEs in this work were prepared using an automatic ultrasonic-spray coating 
technique [37,38], by which good homogeneity and reproducibility of the CLs as 
prepared were secured. Commercial 40 wt.% Pt/C catalyst (Hispec 4000, Johnson 
Matthey) was used for all GDEs. The catalyst ink for ultrasonic-spray coating was 
obtained by evenly mixing the catalyst powder, certain amount of PTFE suspension 
(60 wt.%, Aldrich) and the solvent isopropanol. A raw carbon paper (TGP-H-060, 
Toray, Japan) was used to prepare the GDBL for all electrodes. Before being used for 
MPL/CL deposition, the carbon paper was hydrophobically treated with certain 
concentration of Teflon dispersion, then calcined at 350 oC for 30 min to form an even 
PTFE network (~25 wt.% PTFE in the GDBL), which is believed to be effective on 
blocking the penetration of carbon powder/catalyst particles during MPL/CL 
preparation [32,33]. To prepare GDE without MPL, the catalyst ink was directly 
sprayed onto the surface of the GDBL to form the CL (Fig. 1(b)). For comparison, 
conventional GDEs with MPL were prepared. First, a slurry consisted of carbon 
powder (~85 wt.%) and Teflon (~15 wt.%) was deposited onto the GDBL to form 
MPL, then the CL was prepared onto the surface of the MPL (Fig. 1(a)) as same 
procedures for the MPL-free GDE. 
 
After CL deposition, all GDEs were sintered in N2 atmosphere for 20-30 min at 350 
oC to further homogenize the polymerized PTFE network in each layer and to stabilize 
the whole GDE structure. The Pt loadings and the PTFE contents in the CLs of all 
GDEs were controlled at ~ 0.7 mg cm-2 and ~0.6 mg cm-2 respectively.  
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2.2. Physical characterization of the GDEs 
The surface and section morphologies of the GDEs/MEAs were characterized by a 
field-emission SEM (Zeiss, Oberkochen, Germany). The determination of pore size 
distribution and porosity was conducted at Auto Pore IV 9500 Hg porometer 
(Micromeritics Instrument Corporation, USA). 
 
2.3. Single cell test and electrochemical measurements 
The instruments and procedures for single cell test and electrochemical measurements 
are same as described in our previous works [9]. In brief, the membrane electrode 
assemblies (MEAs) were made with the GDEs and ABPBI (poly(2,5-benzimidazole) 
membranes (Fumapem AM, FuMA-Tech, Germany). For doping with PA, the 
membranes were immersed in 85% acid solution for certain time at 120 oC until their 
acid doping level of about 3.8 molecules of H3PO4 per polymer repeating unit (PRU) 
were obtained. For single cell and electrochemical impedance spectroscopy (EIS) tests, 
dry H2 /Air (or O2) were supplied with the stoichiometries of 1.5/2 at cell temperature 
160 oC. The flow rate equivalent to 0.2 A cm−2 was used for current densities lower 
than 0.2 A cm−2. Both the anode and cathode outlet were ambient pressure. Then the 
MEAs were assembled in a single cell fixture with an active area about 5 cm2. Prior to 
the recording of the polarization curves, the MEAs were operated at constant load at 
0.2 A cm−2 overnight for activation. The current-voltage polarization curves were 
obtained by measuring the voltage with two stepwise increments of current density. 
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 9 
The first and second section stepwise from 0 to 0.2 A cm−2 and 0.2 to 2 A cm−2 with 
an interval of 0.01 A cm−2 and 0.1 A cm−2, respectively. At each current, the cell 
voltage was measured after a hold time of 5 min to allow the cell approaching steady 
state. 
 
For cyclic voltammetry (CV) measurements, the feeding gas (Air or O2) in cathode 
side was changed to dry N2. More details on the tests and data processing can be 
found in our previous publications  [9].   
 
3. Results and discussion 
 
3.1 Structure characterization 
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Fig. 2. SEM images of the GDE with MPL (a, b) and the GDE without MPL (c, d) to 
show their cross-sections and surface morphologies. 
 
The differences in CL architecture and surface morphology between the two GDEs 
are shown in Fig. 2. By inspecting the cross-section images, it is clear the 
conventional GDE is much thicker due to the existence of MPL whose thickness is 
about 4-5 times that of the CL (see Fig. 2(a)), which means the increased gas transport 
resistance as the gases have to diffuse across the thick MPLs to access the CLs. In 
contrast, a CL/GDBL composited structure is observed form the MPL-free GDE (Fig. 
2(c)) where the CL is mostly integrated into the macroporous structure of the GDBL. 
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And the CL were mainly concentrated in the surface layer of the GDBL, which 
suggests that no serious catalyst penetration occurred during the GDE preparation 
process, high catalyst utilization rate is then expected with the elimination of MPL. 
This is further confirmed by the cyclic voltammetry tests as shown in Fig. 3, where 
the two GDEs show similar electrochemical surface area (ECSA), implying that no 
serious catalyst loss due to penetration.  
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Fig. 3. Cyclic voltammograms of the MEAs with the different GDEs. 
 
From the surface morphology image (Fig. 2(d)), it can be seen that a complete CL is 
still established on the surface of the GDBL. The catalyst particles are mainly 
deposited onto the stems and the junctions of the carbon fibers, adequate macroporos 
with diameters of about 20~30 μm, which originate from the GDBL, are still 
remained in the CL, resulting in an interlaced micropore/macropore composited CL 
structure that favors the gas transport and utilization as the catalyst particles around 
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the macropores are more accessible to the gases. Therefore, the catalyst active sites 
that participated in electrode reactions (e.g. ORR) at the Pt surface could be well 
spread in the whole CL than those in the normal GDEs, which suggests that the 
MPL-free GDE could possess higher output than the conventional one even their 
ECSAs are nearly same, because the latter shows a dense CL structure (Fig. 2(b)) that 
is solely dominated by microporos, which could lead to an inferior gas diffusion 
efficiency as the gases molecules tend to be impeded by fine carbon powder particles 
and the numerous micro-pore walls [39,40]. One concern from the surface 
morphology of the MPL-free GDE is its interface contact with the ABPBI membrane 
considering its uneven and macropore-rich surface, which could lead to an indecent 
contact and an inferior proton transport between the CL and the membrane. However, 
it does not seem to be a problem seen from the single cell test results showed later. We 
believe that a satisfactory interfacial contact can still be established due to the 
assembly pressure applied onto the GDEs in the single cell, along with the pliability 
of the acid-doped membranes, which is confirmed by the SEM examination on the 
tested MEA with the MPL-free GDEs shown later (see Fig. 6, Section 3.2). And the 
proton transfer in the electrodes depends on the “free PA” but not the membrane, 
therefore good proton transport can be maintained since the “free-PA” was 
pre-impregnated into the CL and mainly distributed within the micropores between 
the catalyst particles due to the capillary effect. We believe this CL configuration (i.e. 
interlaced micropore/macropore composited structure) could make more catalyst 
particles simultaneously accessible to both reactant gas and proton conductor (i.e. PA), 
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eventually leading to an improved cell performance. 
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Fig. 4. Pore size distribution of the two GDEs. 
 
The structural differences between the two GDEs are further demonstrated by pore 
sizes characterization using mercury intrusion method, as shown in Fig. 4. It shows 
that the elimination of MPL reduces the volume of micropores (0.03-0.1 um) and 
mesopores (0.1-2 um), however it greatly increased the volume of macropores in the 
range of 20~200 um, which leads to a substantial increase in cumulative pore volume 
(~37% higher than that of the conventional GDE, see Table 1). Due to the absences of 
liquid water during HT-PEMFC operation, the GDE with larger volume of the 
macropores is expected to deliver better mass transport due to the molecular diffusion 
mechanism [41]. The porosities of the two GDEs obtained from the mercury intrusion 
are also list in Table 1 for comparison. An increase of ~31% in porosity is also 
observed for the MPL-free GDE compared to the conventional one due to the great 
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increase in its macropore volumes. From the view of effective porosity, which is seen 
as a more practical structure parameter than the total porosity as it only reflects the 
pore spaces interconnected with each other and open to the surface [40], the MPL-free 
GDE should also has higher effective porosity owing to its 3D-interlaced 
micropore/macropore CL structure that makes more micropores between the catalyst 
particles open to or interconnected to the surfaces of the macropores within the CL. 
Theoretically, the operating current of the fuel cell relies on the gas diffusional flux 
[40]. It is anticipated that the MPL-free GDE possesses larger gas diffusional flux due 
to the much thinner diffusion layer and the higher effective porosity. Then, an 
achievement in elevating both fuel cell operating current and limiting current on the 
MPL-free GDE is expected, which is confirmed by the single cell tests showed below. 
 
3.2 Single cell test 
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Fig. 5. Polarization curves and power density curves of the single cell using GDEs 
with/without MPL, operated at 160 oC and ambient pressure, with (a) 1.5/2 
stoichiometry of H2/Air, (b) 1.5/2 stoichiometry of H2/O2; and (c) Oxygen gain.  
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Fig. 5 exhibits the results of single cell operation with the different GDEs and 
different oxidants (Air or O2). The polarization and power density curves of the two 
GDEs (with/without MPL) operating with H2/Air are shown in Fig. 5(a). In low 
current density region (< 0.2 A cm−2), the performance difference between the two 
GDEs is not significant because their performances are in the charge 
transfer-controlled region. However, this difference becomes prominent at high 
current densities (lower potential region) due to the dominance of mass transfer. The 
performance of the GDE eliminated MPL in the HT-PEMFC is higher than that of 
conventional GDE with MPL in this region because of the CL internal structural 
advantages, such as the interlaced macropore architecture based on the GDBL and the 
open CL inner surface, resulting in an enhanced gases diffusivity, by which the 
depletion of the reactant gases can be reduced, leading to an uncomplicated access of 
the reactants to the catalyst sites, consequently a low mass transfer loss. The current 
density of the GDE eliminated MPL reaches 0.29 A cm−2 at 0.6 V (Table 1), 32% 
higher than that of the conventional GDE (0.22 A cm−2). The peak power density of 
the GDE eliminated MPL reached 0.54 W cm−2 at 0.36 V (Table 1). These results are 
comparable to the best ones yet reported for the HT-PEMFCs with similar Pt loading 
and operated using air [42]. In the case where the measurement was processed with 
H2/O2 (Fig. 5(b)), the performance of the MPL-free GDE was also better. Based on 
this result, the oxygen gains (ΔV) of the two electrodes were calculated to evaluate the 
difficulty of the transport of oxygen through their CLs, as shown in Fig. 5(c). High 
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oxygen gain means poor oxygen transport through the CL [43,44]. It is explicit that 
the MPL-free GDE possesses a lower oxygen gain, especially at higher current 
densities (> 1 A cm-2). This means that oxygen can be more easily transported along 
the GDBL towards the catalyst sites, which is understood by the elimination of the 
MPL from the electrode and the open and interlaced macropore CL internal 
architecture originated from the GDBL.  
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Table 1. Structure and electrochemical properties of the GDEs. 
Electrodes Pt loading 
(mg cm-2) 
cumulative pore volume 
(cm3 g-1) 
Porosity ECSA 
(m2 g-1) 
*Current density 
(A cm-2) 
Peak power density 
(W cm-2) 
*RΩ 
(Ω cm2) 
*Rct 
(Ω cm2) 
MPL-free GDE 0.7 1.83 67.4% 31.14 0.29 0.54 0.34 0.43 
Conventional GDE 0.7 1.34 51.3% 30.61 0.22 0.39 0.29 0.31 
* Measured at 0.6 V with H2/Air condition. 
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Fig. 6. In situ impedance curves of the single cell with different GDEs at cell voltage 
0.6 V. Solid lines are fits obtained using the equivalent circuit. 
 
The resistances of the two GDEs was determined in the single cell fixture at 0.6 V by 
in situ impedance measurements, as shown in Fig. 6. Their cell resistances (RΩ) and 
charge transfer resistances (Rct) were obtained by fitting the data with a Randels 
model equivalent circuit (see the insert of Fig. 6), which are shown in Table 1. It is 
explicitly that the elimination of MPL from the GDE effectively decreased the cell 
ohmic resistance from 0.34 Ω cm2 to 0.29 Ω cm2, suggesting an ample interfacial 
contact is still formed even with the uneven CL, which is documented by the 
cross-section image of this MEA showed in Fig. 7. A reduction of ~28% in charge 
transfer resistance can be also achieved (from 0.43 Ω cm2 to 0.31 Ω cm2) by 
eliminating MPL from the GDE, implying that the CL incorporating into the 
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interlaced macroporous GDBL could be more electrochemically active, leading to 
more efficient electrochemical process in the MPL-free electrodes.    
 
 
Fig. 7. Cross-section image of the MEA with the GDEs elimilated MPL. 
 
 
 
3.3 Stability 
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Fig. 8. Durability test of the MEA with the MPL-free GDEs. 
 
A major concern for the MPL-free GDE operating in a PA-based HT-PEMFC system 
is its performance stability. Generally, the loss of acid from the PBI-based 
HT-PEMFC system is considered as a major mechanism for the HT-PEMFC 
performance degradation during short term operation [45]. The elimination of MPL 
may intensify the removal of PA from the MEA due to the reduced GDE thickness. To 
verify the stability of the MPL-free GDE, a primary durability test (after activation 
process) was performed by continuously operating the resultant MEA at 0.2 A cm−2, 
as shown in Fig. 8. Surprisingly, the GDE shows excellent stability for more than 
1400 hours operation: the voltage of the single cell is still around 0.62 V (only 2.2% 
decrease) without obvious drop after the durability test. Two reasons are considered 
for this result. First, the sintered PTFE-bonded CL is expected to be more 
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hydrophobic than a MPL due to the higher PTFE content (25 wt.% vs. 15 wt.%), 
which could repel any mobile PA from the membrane, thus a high PA doping level 
was maintained in the membrane. Furthermore, the well-distrusted PTFE network in 
the CL is highly hydrophobic, which can hold the impregnated PA, thereby the 
leaching of PA could be reduced and abundant triple-phase boundaries (TPBs) were 
also well maintained in the CLs [11]. Second, the elimination of MPL greatly 
decreased the amount of micro pores in the GDE, resulting in an inferior capillarity, 
which reduced the wicking of PA from the CL, thereby, the PA loss. Through a linear 
fitting on cell voltage data during the whole time period, the degradation rate obtained 
is around 2.0 PV h−1, which is comparable to the best values (normally 2~10 PV h−1) 
reported in other researchers’ long-term durability tests [34,46], indicating the 
feasibility of the MPL-free GDE for real HT-PEMFC applications. 
 
 
Conclusions and remarks 
In summary, we demonstrated a simple way that eliminating MPL from GDE for use 
in HT-PEMFC to show high performance. By employing a higher PTFE content (~25 
wt.%) in the GDBL, serious penetration of catalyst particles can be avoided, then 
maintaining a good catalyst utilization with a high catalyst loading (0.7 mgPt cm-2). 
The catalyst were mainly deposited onto the stems and the junctions of the carbon 
fibers, forming a 3D interlaced micropore/macropore composited CL structure, 
leading to an improved effective porosity and minimized gas transport limitations. 
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The electrode showed a much higher performance than the conventional one, 
especially when air was used as an oxidant. Also, the electrode demonstrated excellent 
durability during 1400 h fuel cell operation, owing to its unique electrode architecture. 
Hence, our strategy of eliminating MPL from GDE is a simple way with promising 
performance and durability toward HT-PEMFCs.  
 
The proposed approach also gives a new direction to design or modify GDBL for 
HT-PEMFCs. It is expected that the cell performance can be further improved by 
employing GDBLs with optimized properties (e.g. pore size), which could further 
increase the catalyst utilization and simultaneously maintain an efficient mass 
transport for this type of electrode. Moreover, with our MPL-free GDE, low Pt-wt% 
catalysts (e.g. 20 wt.%), which are normally with higher Pt utilizations, can be more 
widely used in HT-PEMFCs without the concern of an extremely high electrode 
thickness resulting from the use of high Pt loadings, thus holding the possibility of 
reducing the Pt loading for HT-PEMFCs. 
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 Table 1. Structures and electrochemical properties of the electrodes. 
Electrodes Pt loading 
(mg cm-2) 
cumulative pore volume 
(cm3 g-1) 
Porosity ECSA 
(m2 g-1) 
*Current density 
(A cm-2) 
Peak power density 
(W cm-2) 
*RΩ 
(Ω cm2) 
*Rct 
(Ω cm2) 
MPL-free GDE 0.7 1.83 67.4% 31.14 0.29 0.54 0.34 0.43 
Conventional GDE 0.7 1.34 51.3% 30.61 0.22 0.39 0.29 0.31 
* Measured at 0.6 V with H2/Air condition. 
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Figure Caption: 
Fig. 1. Conceptual diagrams of the conventional GDE with MPL (a) and the GDE 
eliminated MPL (b). 
 
Fig. 2. SEM images of the GDE with MPL (a, b) and the GDE without MPL (c, d) to 
show their cross-sections and surface morphologies. 
 
Fig. 3. Cyclic voltammograms of the MEAs with the different GDEs. 
 
Fig. 4. Pore size distribution of the two GDEs. 
 
Fig. 5. Polarization curves and power density curves of the single cell using GDEs 
with/without MPL, operated at 160 oC and ambient pressure, with (a) 1.5/2 
stoichiometry of H2/Air, (b) 1.5/2 stoichiometry of H2/O2; and (c) Oxygen gain.  
 
Fig. 6. In situ impedance curves of the single cell with different GDEs at cell voltage 
0.6 V. Solid lines are fits obtained using the equivalent circuit. 
 
Fig. 7. Cross-section image of the MEA with the GDEs elimilated MPL 
 
Fig. 8. Durability test of the MEA with the MPL-free GDEs. 
 
Table Caption: 
Table 1. Structures and electrochemical properties of the electrodes. 
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